We propose a scheme that can generate attosecond x-ray pulses through an angular dispersion enhanced self-amplified spontaneous emission (ESASE) free electron laser (FEL). In this scheme, an angular dispersion section is implemented into a conventional ESASE set-up, together with a few cycle laser pulse to manipulate the electron beam effectively. During the procedure, the transverse-longitudinal phase space coupling is introduced into the electron beam in addition to the energy modulation and momentum compaction processes. As a result, the peak current of the electron beam will be strengthened significantly within a narrow width of the electron bunch, which can be used to generate ultrashort FEL pulses. Comparing to a conventional ESASE scheme, the proposed scheme can reduce the required modulation laser power by at least one order of magnitude. The signal-to-noise ratio of the final FEL radiation pulses can also be improved. In addition, we discuss the possibility of using this scheme to generate two-pulse two-color x-ray FEL with tunable central wavelengths and time delays for a conceivable x-ray pump/x-ray probe experiment.
I. INTRODUCTION
The pump-probe technique is widely used to investigate the fast dynamic phenomena within chemical, physical, and biological reactions, in which the pump laser initiates the excitation of the sample and the probe laser with a certain time delay characterizes the changes [1] [2] [3] [4] . The experimental methodology of this technique keeps on developing. The resolution of the time-resolved pump-probe experiments depends on the duration of the pump and probe lasers. The ultrashort laser pulses down to attosecond level make it possible to study the ultrafast electronic dynamics. And the advanced short-wavelength x-ray lasers open up a new world of the atomic inner-shell electronic transitions. Given these circumstances, the generation of attosecond x-ray pump and x-ray probe laser pulses is of great interests in the scientific community. Moreover, the central wavelengths of these two lasers and the time delays between them are preferred to be adjustable. The conventional laser system can hardly fulfill the task in terms of all these requirements. However, the free electron lasers (FELs) [5] [6] [7] might have the ability to deliver such controllable attosecond two-color x-ray laser pulses.
The free electron lasers (FELs) have been served as a great tool in the state-of-the-art researches in many scientific frontiers [8] [9] [10] . FELs can provide ultrahigh intensity ultrashort pulse duration radiation with tuneable central wavelength ranging from terahertz to x-ray. There are several x-ray FEL facilities under operation around the world. And their success has encouraged the world to develop and construct more advanced FEL facilities. At present, these facilities are mainly based on the self-amplified spontaneous emission (SASE) scheme [11, 12] , in which the initial signal originating from the electron beam shot noise is amplified the way up to saturation along the undulator. The typical pulse configuration of a SASE-FEL is about tens of GW peak power and tens to one hundred femtoseconds pulse duration. The pulse duration is generally determined by the lasing part of the electron bunch. In order to deliver ultrashort FEL pulses, the lasing part within the electron bunch should be as short as possible.
Several methods or techniques have been proposed to shorten the FEL pulse duration on the basis of the SASE-FEL [13] [14] [15] [16] [17] [18] [19] . The basic idea is to make sure only a small part of the electron beam will lase while other parts remain suppressed. One can either use a slotted foil [17] to directly select that part, or employ an external few-cycle laser pulse to help form that part [14] . The latter is usually termed as the enhanced SASE (ESASE) scheme. LCLS has been working on a project to develop the ESASE technique recently. The peak power of the FEL radiation can be further improved by combining the ESASE technique with the mode-lock concept (for example in [20] [21] [22] ), from which the terawatt-attosecond FEL pulses might be achievable. However, in order to generate attosecond radiation pulses, the external few-cycle laser power used in a conventional ESASE scheme needs to be as high as tens of GW, which is quite difficult to be supplied and becomes rather impractical when it comes to high rep-rate FEL facilities.
Hence in this paper, we propose a modified version of the ESASE scheme to reduce the required power of the external seed laser, and the signal-to-noise ratio of the final FEL pulses can also be improved. The proposed scheme borrows the idea from [23] of introducing angular dispersion into the electron beam in addition to the energy modulation and momentum compaction processes, so that we could manipulate the longitudinal electron beam distribution more effectively. We also discuss the possibility of using this scheme to generate two-pulse two-color x-ray FEL with tunable central wavelengths and time delays for a conceivable x-ray pump/x-ray probe experiment.
II. PRINCIPLE
The layout of our proposed scheme is shown in Fig. 1 . The whole beamline consists of an angular dispersion (AD) section, a modulator section (M), a dogleg (D) and a radiator section (R). The AD section employed here is used to introduce a transverse angular dispersion into the electron beam, through which the horizontal beam divergence will form a linear correlation with respect to the beam energy. Basically the AD section is composed of two quadrupoles laying respectively in front and in the middle of a laser-injection chicane. Then the electron beam will interact with a few cycle laser pulse in a single-period modulator (M) section to get an energy modulation. The laser pulse is injected into the M section through the interstice of the AD section. After these processes, the electron beam will have a transverse angular dispersion throughout the whole bunch and a few cycle energy modulation within only a small part of the electron beam. Following the M section, a dogleg (D) here will provide a longitudinal dispersion to convert the energy modulation into density modulation, and if the transverse dispersion of the dogleg (D) together with the transverse angular dispersion of the AD section are chosen properly, the initial beam energy spread will by then no longer have impacts on the density modulation results, and a much more strengthened current spike will be formed within the electron beam. Finally the electron beam will go through the radiator (R) section for the generation of ultrashort FEL pulses.
We will give a theoretical analysis below to explain the principle of our proposed scheme. To simplify the derivation processes and for the clearness of the theory, we assume the initial longitudinal and transverse phase space distribution to be Gaussian profile, and we only take care of the X 0 dimension and the P dimension cause they are what really matters in this scheme. First of all, we need to define some variables. The dimensionless energy deviation of a particle is defined as p ¼ ðE − E 0 Þ=σ E , where E 0 is the central energy of the electron beam and σ E is the rms energy spread. The dimensionless horizontal beam divergence reads χ First the electron beam will go through the AD section. For two quadrupoles with identical strength Q and a chicane with bending angle b, drift length between B1-B2 and B3-B4 being L 1 , drift length between B2-B3 being 2L 2 , the length between the first quadrupole and B1 being L 1 , the second quadrupole being in the middle of the chicane, the simplified four dimensional transport matrix of the AD section regarding ð χ; χ 0 ; z; pÞ in X 0 − P dimension reads now
in which b 1 ¼ 2bL 1 =ð2L 1 þ L 2 Þ represents the angular dispersion of the AD section. There exits a matching condition that 
It means that there exits a linear correlation between the horizontal beam divergence and the beam energy, and the transverse-longitudinal phase space coupling of the electron beam has been developed. And in the modulator (M) section, the energy modulation induced by the laser is
where k 0 ¼ 2π=λ 0 , λ 0 and σ z 0 are respectively the wavelength and the rms pulse length of the laser, A ¼ ΔE=σ E is the amplitude of the modulation strength, z 1 is the longitudinal coordinate of the electron after passing through the AD section. We ignore the momentum compaction factor introduced by the modulator here because it is relatively too small. In the dogleg (D), energy modulation will be converted into density modulation. Additionally, the transverse dispersion of the dogleg working together with the angular dispersion of the electron beam will also influence the density modulation processes. Hence, the longitudinal coordinate z 2 now turns into
where ξ d and η are respectively the longitudinal and transverse dispersion of the dogleg. The electron beam distribution in the longitudinal phase space and transverse dimension now reads
where ζ ¼ k 0 z is the new phase of the electron,
Combining these two equations in Eq. (5), we can get a two-dimensional distribution of the electron beam
Integrating Eq. (6) over p 1 and χ 0 1 will give us the current distribution of the electron beam
where
Apparently there exits an optimized condition for the bunching factor when B þ b 1 D ¼ 0, i.e.,
and then the current distribution will be determined by the modulation strength A, the transverse dispersion of the dogleg η and the initial horizontal beam divergence σ x 0 . The current distribution now reads
One can find that the smaller the product ησ x 0 is, the higher the peak current will be. And the current width of the optimized current peak is approximately
where the ησ x 0 can be very small and thus will result in a very short current spike. Since the duration of the current spike has no relation with the initial beam energy spread, very high peak current can be generated with very small laser induced energy spread. It is worthwhile to point out that Eq. (10) also sets a limitation for the maximal slippage length, within which the radiation can keep interacting with the electron beam and get amplified. To clearly illustrate the physical mechanism of our proposed scheme, we give schematic diagrams of the electron beam longitudinal phase space evolution in Fig. 2 , showing respectively the phase space right after the AD section, the modulator section and the dogleg. In the AD section, the electron beam will get a linear correlation between horizontal divergence and electron energy, yet the longitudinal phase space remains unchanged, as shown in Fig. 2(a) . After interacting with a few cycle laser pulse in the modulator section, Fig. 2(b) demonstrates the induced energy modulation profile of the electron beam, i.e., the energy modulation strength will vary with respect to different longitudinal positions. And finally we can see from Fig. 2(c) the density modulation has been produced, and the initial energy spread of the electron beam will not influence the ultimate density modulation results, which will further strengthen the peak current enhancement in the ESASE technique.
Our proposed method has several advantages over the conventional ESASE technique. As we have known, in the limitation of that the practical laser pulse used in a conventional ESASE scheme could not be as short and powerful as we want, the present ESASE technique can not work so well as we expect. However in the proposed scheme, by introducing the angular dispersion, we get another dimension that could help manipulate the electron beam. And through optimization, the needed laser power can be reduced by at least one order of magnitude. Furthermore, the reduction of the seed laser power enables the possibility of using a relatively longer wavelength seed laser with fewer optical cycles in our scheme, which will help to improve the signal-to-noise ratio of the final FEL pulses significantly.
III. MAIN PARAMETERS
The descriptions above give us a hint about the principle and the physical mechanism of the proposed scheme. Following we will show the possible performance of the scheme in a practical FEL facility. That will include the parameter optimization process and the FEL radiation simulation process. The basic parameters of the electron beam and the beamline are from the Shanghai High Repetition Rate XFEL and Extreme Light Facility (SHINE) [24] , as shown in Table I . The laser pulse we employ in the modulator section is about σ z 0 ¼ 4.5 fs with a central wavelength of λ 0 ¼ 1200 nm. The FWHM of the laser pulse intensity corresponds to about 1.9 laser cycles. We focus the laser in the middle of the modulator. And the carrier envelop phase of the laser pulse is adjusted to be sinelike and remains stabilized, so that the electron beam will get a proper energy modulation.
To lower the required laser power in a practical high rep-rate FEL facility and to show the superiority of our proposed scheme, the peak power of the laser pulse we used in the simulation is about 2.6 GW, which is an order of magnitude lower than that being used in previous ESASE studies (for example in [15] ). The impact of the laser beam waist diameter has on the energy modulation strength A is shown in Fig. 3 , from which one can find that the maximal energy modulation amplitude A is about 1.8 times of the initial energy spread when the laser beam size is 0.5 mm. And the corresponding dispersion ξ d is needed to be about 1.1 mm. Figure 4 shows the electric field of the laser pulse normalized to the peak value and the energy change of the electron beam induced by the laser. The heads of the laser pulse and the electron bunch are both to the right of the figures. The zero crossing of the energy modulation is at the maximum of the laser pulse carrier envelope. And the energy chirp around this point is negative.
Then the current distribution in Eq. (9) now determines by the product of ησ x 0 . For different current width τ in Eq. (10) which can represent ησ x 0 , we depict the current distribution in Fig. 5 , in which the initial current is about 3 kA. We can see with the decrease of τ, the main peak current enhancement will be strengthened dramatically.
One thing we want to mention here is that the current width should be large enough to cover the slippage length. For current width τ ¼ 420as, the main peak current is about 13 kA, and the two side peaks current is about 7.5 kA.
Furthermore, we need to choose the proper parameters for η and σ x 0 respectively. Noting that in Eq. (8), at the optimized conditions, the transverse dispersion of the dogleg η is corresponding to the angular dispersion of the AD section b 1 . And together with the initial beam divergence σ x 0 , these two parameters will have a great impact on the emittance growth in the AD section, hence will influence the gain-lengths of the main current peak and side current peaks. On the one hand, we want the gainlengths to be as short as possible to reduce the undulator length. On the other hand, we need the gain-length of the main current peak to be shorter than that of the side peaks, so that the main current peak will come to saturation earlier than the side peaks do and the final FEL radiation pulse will have a better signal-to-noise ratio.
Considering these aspects, we scan the current width τ, the gain-length Lg 0 of the main current peak and the gainlength ratio of side peaks to main current peak Lg 1 =Lg 0 in terms of different η and σ x 0 , showing the results in Fig. 6 . From Fig. 6 (a) one can find that the gain length of the main current peak will increase either η is too small or σ x 0 is too large, cause both of them will lead to a great emittance growth of the electron beam. And even though the main peak current will get a significant enhancement with a small product of ησ x 0 , the increase of the emittance will yet result in the increase of the gain-length, as shown in the bottom left corner of Fig. 6(a) . However, the gain-length ratio of side peaks to main current peak keeps increasing when ησ x 0 decreases, as shown in Fig. 6(b) , for the main peak current will be strengthened dramatically while the side peaks are not, and they suffer the same emittance growth.
Given the analysis above, we should pick up a parametric point where Lg 0 is relatively small in Fig. 6 is relatively large in Fig. 6(b) . As to the current width τ, it should be not less than 0.1 μm in our estimation, so as to the cover the whole slippage length. Eventually the transverse dispersion of the dogleg η and the initial beam divergence σ x 0 are chosen to be 0.02 m and 2 μrad respectively. So the angular dispersion b 1 of the AD section is 55 mrad. And the emittance grows to be about 1.3 μm after the AD section. The gain-length of the main current peak is about 2.4 m. That of the side peaks is about 3.3 m. The width of the main current peak is 1.26 × 10 −7 m, which is about 420 as.
IV. SIMULATION RESULTS
Using the parameters given above, we conduct a threedimensional simulation of the FEL gain processes with GENESIS [25] . It is worth noting that the modulation processes of the electron beam before entering the radiator section are done with a three-dimensional algorithm dealing with the dynamics of electrons [26] . At the entrance of the radiator section, the current profile and the slice energy spread σ γ within the central part of the electron beam are shown in Fig. 7 . The results of the current profile from simulation are in agreement with the theoretical predictions depicted in the red solid line in Fig. 5, i. e., the main peak current is about 13 kA, the two side peaks current is about 7.5 kA and the current width is about 420 as. This electron beam will then go through the undulator which resonates at 0.15 nm. The radiation power at a distance of about 40 m is shown as the red solid line in Fig. 8(a) . We can see the main peak power is about 25 GW. The main peak pulse duration is about 210 as (FWHM). The whole FEL pulse energy is about 5.5 μJ, and the main peak pulse contributes to about 70% of the total.
For comparison purpose, we also conduct a FEL simulation for the normal ESASE technique. The radiation saturates at about 35 m. The FEL pulse is shown as the blue dashed line in Fig. 8(a) . The whole pulse energy is about 6 μJ, the peak power is 30 GW, the pulse length is also about 210 as (FWHM), and the main peak pulse contributes to about 50% of the total. Figure 8(b) illustrates the current profile and slice energy spread at the entrance of the radiator section for the normal ESASE technique. One can clearly find that for the formation of this kind of current profile, the required energy modulation strength is pretty high. Actually the peak power of the modulation laser we used here is 26 GW, which is an order of magnitude higher than that being used in our proposed scheme. The comparison results here have proved that our proposed scheme can significantly reduce the required seed laser power, and the signal-to-noise ratio in our proposed scheme is also slightly better than that in the conventional ESASE scheme, even though the saturation length will increase and the peak power will decline a little bit due to the emittance growth in our proposed scheme. Since the required seed laser power in our proposed scheme is relatively low, it is possible to adopt a longer wavelength laser with fewer optical cycles to further improve the signal-to-noise ratio of the final FEL pulses. For the fewer the optical cycles is, the lower the adjacent side current peaks will be, and eventually the better the signal-to-noise ratio we will get. Here we try to employ a laser pulse with the central wavelength being 2000 nm and the pulse length being still 4.5 fs. Therefore the FWHM of the laser pulse intensity now corresponds to only 1.2 laser cycles. The peak power of the laser is set to be 2 GW, the maximum energy modulation strength is 1.5. The corresponding dispersion ξ d is 2.1 mm. The optimized transverse dispersion of the dogleg η and the initial beam divergence σ x 0 are now chosen to be 0.025 m and 2.5 μrad respectively. And then the angular dispersion b 1 is needed to be 84 mrad. The beam emittance after the AD section is about 1.7 μm now. The gain-length of the main current peak is now 3.2 m, that of the side peaks is 5.6 m. And the width of the main current peak is now 650 as. The current profile and the slice energy spread at the entrance of the radiator section are shown in Fig. 9(a) . In comparison with the results depicted in Fig. 7 , we can see that the main peak current is still 13 kA, while the energy modulation strength of the side peaks is suppressed and the side peaks currents are now relative lower, which is only 5 kA here. The FEL radiation pulse at 46.6 m is shown in Fig. 9(b) . The peak power is about 35 GW, the pulse duration now is 270 as (FWHM). The whole pulse is about 10 μJ, and the main peak pulse now holds a portion of nearly 92%. We can see clearly that the signal-to-noise ratio of the final FEL pulse is now significantly improved. We also depict the power gain curve (red line) and the slice energy spread (blue line) of the main current peak in Fig. 10 . We can see it takes about 45 m to reach saturation, and the energy spread at saturation is about 7 × 10 −4 . Then we try to split the radiator section into two separate undulator sections, so that the electron beam can radiate independently in the two undulator sections to generate two-pulse two-color x-ray FEL. To eliminate the microbunching produced in the first undulator section and to adjust the time delay between these two-color FEL pulses, we assume a small chicane laying between the two undulator sections. Except the changes we make in the radiator section, the initial electron beam properties and the lattice configurations before the radiator section remain unchanged. Therefore at the entrance of the first undulator section, the electron beam properties are still the same as energy spread of the main current peak has not increased too much. Then we send the electron beam through the small chicane, after that the second undulator section. The second FEL pulse is at 0.16 nm. The photon energy here is about 500 eV lower than that of the first FEL pulse. At the end of the second undulator section, we get two FEL pulses with different central wavelengths.
The power, spectrum of these two FEL pulses and the energy spread of the electron beam at the end of each undulator section are shown in Fig. 11 . We can see the first FEL pulse is about 6 GW, and the energy spread of the electron beam now grows to be 3.5 × 10 −4 . The signal-tonoise ratio of the first FEL pulse is about 90%. The spectrum bandwidth of the first FEL pulse is 0.14%. The power of the second FEL pulse is about 20 GW in 40 m. The energy spread of the electron beam at the end of the second undulator is about 7 × 10 −4 . The signal-to-noise ratio of the second FEL pulse is about 94%. The spectrum bandwidth of the second FEL pulse is about 0.11%. It is worth noting that the wavelengths of these two FEL pulses are tunable by changing the gaps of the undulators. And the time delays between these two pulses are also adjustable with the help of the small chicane. Therefore the set up could meet the requirements in practical two-color pumpprobe experiments.
V. DISCUSSIONS AND CONCLUSIONS
We want give some comments and discuss some questions here. First, we want to address that our proposed scheme has the potential to generate ultrashort FEL pulses down to tens of attoseconds. The limitation of the pulse duration lies on the slippage effect the electron beam suffers while propagating forward with the FEL pulse. On account of this, the FEL radiation emitted from a single ultrashort current spike will not be fully amplified, which means the power for a tens-of-attoseconds FEL radiation is typically no more than 100 MW. However, combining this scheme with the mode-lock concept, we may achieve terawatt-tens-of-attoseconds x-ray FEL pulse generation, especially on the condition of a lower power external seed laser in a high rep-rate FEL facility. Second, we want to point out that it is also possible to further increase the power and the contrast ratio of the two-pulse two-color FEL radiation pulses by using the harmonic lasing or the frequency doubler techniques [27] [28] [29] . We also want to mention here that the transverse position of the electron beam after passing through the AD section may have some jitters because of the inevitable central energy jitter of the electron beam. It will affect the FEL light source position and hence have impacts on the experiments. The offset factor δ χ as a function of the energy jitter δ e reads approximately
For a conceivable CW-FEL facility, the central energy jitter in the linear accelerator will be very small, like 1 × 10 −4 , then the transverse position jitter will be about 16 μm, depending on the lattice configurations of b 1 , L 1 , L 2 . And the transverse electron beam size in our proposed scheme will increase to about 50 μm due to the emittance growth. So that the transverse position jitter holds about 1=3 of the transverse beam size.
In conclusion, we propose a scheme that can generate attosecond x-ray pulses through an angular dispersion enhanced self-amplified spontaneous emission free electron laser. Our proposed scheme employs a modified ESASE scheme together with a few cycle laser pulse to manipulate the electron beam precisely. By introducing another dimension of manipulation, the needed laser power could be reduced by at least one order of magnitude, from tens or nearly hundreds of GW to only a few GW. This will help a lot in the operation of a practical FEL facility. Additionally, the reduction of the seed laser power will enable the use of a longer wavelength seed laser with fewer optical cycles in our proposed scheme, which will lead to a great improvement over the signal-to-noise ratio of the final FEL pulse. Moreover, the final FEL pulse duration could be maintained to be hundreds of attoseconds or even tens of attoseconds. And we can further use this scheme to generate two-pulse two-color attosecond FEL radiation with tunable central wavelengths and time delays, which could meet the requirements in a conceivable x-ray pump/ x-ray probe experiment. In our simulation, we generate a single saturated FEL pulse at 0.15 nm with the power and the pulse duration to be 35 GW and 270 as. The signal-tonoise ratio of this saturated FEL pulse is about 92%. We also generate two FEL pulses with the central wavelengths of 0.15 nm and 0.16 nm, and the corresponding powers are 6 GW and 20 GW with the signal-to-noise ratio of about 90% and 94% respectively.
